Abstract: This paper presents the results of the performance quality testing of polyethylene pipes reinforced with aramid fibers, intended for applications such as discharging and gathering oil pipelines, and describes the test rig specifically designed for this purpose. The pipe specimens are submitted to impact with a device that simulates the collision of a pickaxe, and of a backhoe loader. After the impact, the pipes are tested under combined loading comprising internal pressure, and transverse loading; some pipe specimens without previous impact are tested as well. The results show that the reinforced thermoplastic pipes can fully withstand maximal operating pressure levels in the presence of damage and additional transverse loading.
Introduction


Discharge and gathering oil pipelines are feasible to be affected by several forms of damage due to corrosion, complex loading, falling rocks, terrain movements and human activities like construction or agriculture that could strike them and inducing indeed mechanical damage. Metallic pipes are particularly susceptible to these kinds of aggressions, so the oil industry is looking into non-metallic solutions to cope with these problems. In order to certify the capability of non-metallic pipes, it is necessary to conduct a series of mechanical tests that simulate these harsh operating conditions. In this research, a non-metallic composite pipe or RTP (reinforced thermoplastic pipe) is made of an inner and an outer pipe fabricated with HDPE (high density polyethylene), and an internal tape that consists of aramid cords that are embedded, but not impregnated by the HPDE [1] .
Many studies related to thermoset composite pipes [2] [3] [4] [5] [6] have been published considering combined loads, as well as thermoplastic pipes [7] . However, there are few works relaying on RTP under combined load testing; in two of them, Kruijer et al. [8] investigated polyethylene pipes reinforced with embedded aramid fibers so as to identify its torsion-extension coupling, and the viscoelastic behavior of steel reinforced thermoplastic (polyethylene) pipe or s-RTP. With regards to test methods, Alexander [9] develops a series of full-scale tests on metallic repaired off-shore raisers using composites comprising pressure, pressure-tension, and pressure-bending tests, and develops a combined four point flexural device in which load is applied by means of two hydraulic rams. Corona and Kyriakides [10] reported an experimental procedure to evaluate buckling behavior under external pressure and bending.
Regardless of the fact that there is an important amount of research that has been conducted lately on the study of thermoset-composite pipes, there are no standardized tests intended for RTP that simulate combined loading encountered in real service conditions. This situation leads to evaluate the load capacity of the new type of thermoplastic reinforced pipes under harsh conditions encountered at on-shore applications. So, in order to fulfill this requirement, a series of tests are specifically developed to simulate extreme operating conditions such as combined flexural-pressure testing of undamaged specimens; and flexural-pressure testing of pipes previously stricken forcefully arising two kinds of damages: one that simulates a pickaxe tool, and the impact produced by a backhoe loader. The series of verification tests are performed on pipe samples bent to a bending radius of 1,500 mm. The paper is organized as follows: Section 2 describes the test specimens under study; Section 3 presents the non-standardized tests considered; Section 4 describes the testing setup in detail, comprising the conditioning of the test specimens, the impact testing devices, and the pressure-flexure testing; Section 5 presents and analyzes the results of the previous tests in terms of the measured parameters: time, internal pressure, load applied onto the RTP, and displacement during the flexure test; finally, Section 6 gives the conclusions.
Pipe Description
The aramid reinforced polyethylene pipes fabricated by Soluforce have a nominal diameter of 127 mm (5"), and are composed of four layers (Fig. 1) . The first layer is a thick polyethylene liner covered with two embedded, but not-impregnated aramid (Twaron) layers, each one composed of aramid rovings ducted within polyethylene bands, with orientations of +55° and -55° with respect to the pipe axis. The last layer is a polyethylene protection layer treated with UV-resistant additives.
Improved Acquisition
In order to evaluate the pipe load bearing capacity to transport hydrocarbons safely, a series of non-standardized tests that simulate harsh operating conditions are proposed: three pipes receive an impact equivalent to 14 J, simulating a pickaxe; three other pipes are impacted with a 124 J strike, simulating a backhoe loader. Then all the struck pipes are tested under combined flexure-pressure to simulate adverse conditions, and three others as in fabricated condition.
Test Setup Description
Specimens and Conditioning
The test specimens have a total length of 1,990 mm and are machined at both ends according to manufacturer specifications, so as to remove the aramid reinforcement layers and the protective polyethylene layer leaving a 50 mm length of nude polyethylene liner at both ends, so a couple of hermetic closures can be installed. Conditioned specimens are shown in Fig. 2 .
Impact Testing That Simulates a Pickaxe Tool Damage
In order to develop the impact testing, the equivalent energy for the specific event is estimated to be 14 J. The device used for this test is available at the Engineering Institute of UNAM (Universidad Nacional Autónoma de México), and it consists of a free fall impact tester as shown in Fig. 3 ; it has a falling mass of about 6.8 kg and an impact spherical head of 10 mm.
The calculated energy is measured with an accelerometer connected to a data acquisition card and a PC. Then, the necessary height to obtain a final speed of 2 m/s at the moment of the impact can be calculated; all specimens for this test are as in fabricated condition except for their machined ends.
Impact Testing That Simulates a Backhoe Loader Machine Damage
The experimental device for this test is an impact test machine developed at IPN-ESIME (Instituto Politécnico Nacional-Escuela Superior de Ingeniería Mecánica y Eléctrica) Unidad Ticomán, which is also conceived as a free fall impact tester. In order to obtain the required energy for this impact, the height for the test was obtained by trial and error using an accelerometer and a data acquisition card connected to a PC until the final speed of 4 m/s is reached. In Fig. 4 , a photo of the device and a schematic diagram are presented.
Combined Loads Testing: Pressure and Flexure
In order to implement these tests, the experimental setup consists of an universal mechanical testing machine model Instron 8502, and a specifically designed three point bending test device installed onto the actuator head. The conditioned specimen with its end closures, and the required hydraulic connections are placed over the flexural rig (Fig. 5 ). Both the specimen and the flexural rig are surrounded with a transparent protective barrier supported with metallic stiffeners. The flexural beam is a commercially available C-shaped cross section aligned horizontally.
Pressurization is carried out using water by means of two independent hydraulic circuits which operate alternatively. The main circuit is under high pressure and is used when the testing is running; the secondary circuit is low pressure, and is used for replenishment and drain. The high pressure is supplied by a positive-displacement, reciprocating pump specifically designed for this test, operated with a Shimadzu electromechanical universal testing machine. The hydraulic setup is depicted in Fig. 6 .
The measured parameters are the flexure load, the displacement of the actuator of the Instron testing machine, and the specimen internal pressure. The Instron machine control unit provides several analog outputs; in this case two of these ports are used to output the flexural load signal and the actuator displacement signal. To obtain the pressure signal, a voltage modulated signal transmitter is used. All signals are acquired using a data acquisition card connected to a notebook computer via a USB (universal serial bus) port. In Fig. 7 , the instrumentation explicative diagram is presented.
To run the test, hydraulic pressure is increased up to 100 bar, which is the maximum operating pressure specified by the manufacturer of the pipes, with a pressure slope of 10 bar/min. Once the pressure is reached and after verifying that hermeticity is assured, the hydraulic actuator moves at 10 mm/min until a bending radius of 1,500 mm of the specimen is reached, equivalent to an actuator displacement equal to 60 mm. Once the combined pressure and flexure condition are obtained, they are sustained for not less than 1 min, then the flexure load is released, and the specimen is depressurized. During all this steps, displacement, flexure load and pressure signals are acquired at a rate of 1 Hz; this rate is judged acceptable because the test is considered as in a quasi-static condition. The ideal pressure and displacement profile is depicted in Fig. 8 , and photographs of the actual test are shown in Fig. 9 .
Results and Discussion
Impact
The impact test profiles shown in Fig. 10 consist of an acceleration increment until an approximate value of -7 m/s 2 ; under frictionless and dragless ideal conditions, this value should be the acceleration due to gravity. After this acceleration limit, a rapid change in acceleration is observed corresponding to the instant when the specimen is impacted; finally a region of several peaks is observed, corresponding to a series of rebounds after the impact, however, they are neglected. Thus, Figs. 10a-10c show the experimental graphs of the 2 m/s impact test; in Figs. 11a-11c , the 4 m/s test results are presented. The condensed results are shown in Table 1 (speed at impact and kinetic energy).
Impact Damage Morphology
The damages produced in all pipes owing to the 2 m/s impact test show a spherical segment with an 8 mm diameter mark, as it can be observed in Fig. 12a . The damage due to the impact at 4 m/s has also a spherical mark of about 12 mm in diameter, but presents some additional marks caused by the rebounds after impact, as can be seen in Fig. 12b . Afterward, during the combined pressure and flexure loading, these marks tend to reduce their deformed shape and to move closer towards the median surface of the shell.
Combined Pressure-Flexure Results
The numerical treatment of the recorded data of nine tests is done for each type of test: specimens without damage, specimens previously impacted at 2 m/s, and specimens previously impacted at 4 m/s. The final results are presented as graphs of pressure-time in Fig. 13 , load-time in Fig. 14 , and load-displacement Fig. 15 . All the results corroborate that the specimens behavior themselves as a whole structure or an end product, showing geometry, dimensions, materials and construction parameters, should be taken into account, not only representing material properties.
Pressure as a Function of Time
In this case, pressure corresponds to an excitation parameter. Experimental profiles of pressure-time show a sawtooth profile, as expected after using a reciprocating water pump to feed the system. The first segment corresponds to the increasing slope of the pressure-time graph which is composed of two parts: the first one is the beginning of a non-lineal pressurization response, and the second is the lineal ramp until the desired test pressure (100 bar); once it is reached, the water pump supply is shutdown. From this point on, a pressure decrease of about 10 bar is observed due to small elongations on the pipe that produce small increments in volume, a type of behavior that can be attributed to a visco-elastic response of the polyethylene. The last segment corresponds to depressurization, with no remarks on its behavior.
Load as a Function of Time
Load is a response parameter to both pressure and the desired flexion displacement. In Fig. 14, an increase of the load can be observed at the beginning of the test because of a circumferential restrained expansion, due to the hydraulic pressure increase. Subsequently, a load augmentation is registered corresponding to the displacement of the actuator acting against the already pressurized bending pipe until the equivalent displacement of 1,500 mm bending radius is achieved with the three-point-bending test.
On the top of the curve, there is a significant reduction of the load response due to the displacements within the pipe because of its visco-elastic behavior, typical of thermoplastic materials. The last segment corresponds to the flexural unloading. Analyzing the graph load-time, the effect of the damages produced during impact test is imperceptible. Condensed values of the actual maximum pressure and load are presented in Table 2 . non-linear behavior followed by a permanent elongation after unloading; this behavior may be attributed to a visco-elastic response combined with plasticity. The plastic strain is in the order of magnitude of 25 mm for specimens without damage, and of 30 mm for specimens previously impacted.
Conclusions
Based on experimental observations, it can be stated that the tested specimens withstand the maximal operating pressure specified by the manufacturer (100 bar), as well as additional combined flexure load in the presence of damage, in this case as generated by a series of impacts that simulate either a pickaxe tool or a backhoe loader.
These tests show a global behavior of the product (the pipe as a whole structure), thus not representing only material properties.
The performed tests are complementary to those specified either on international standards or on local regulations/norms, and they can offer a better approach for design and analysis of pipes submitted to harsh conditions. 
